How the relative order in which 4 property classes of haptically perceived surfaces becomes available for processing after initial contact was studied. The classes included material, abrupt-surface discontinuity, relative orientation, and continuous 3-D surface contour properties. Relative accessibility was evaluated by using the slopes of haptic search functions obtained with a modified version ofA. Treisman's (A. Treisman & S. Gormican, 1988) visual pop-out paradigm; the Y0 intercepts were used to confirm and fine-tune order of accessibility. Target and distractors differed markedly in terms of their value on a single dimension. The results of 15 experiments show that coarse intensive discriminations are haptically processed early on. In marked contrast, most spatially encoded dimensions become accessible relatively later, sometimes considerably so.
When people touch objects and surfaces around them, without vision, they encode their properties in order to segment objects from supporting structures, to identify them, and, ultimately, to construct a coherent representation of the local environment. These processes begin with the onset of contact and may continue, by means of active exploration, over a period of several seconds. In this research we were concerned with the order in which different object properties emerge during the period immediately after contact. Apprehending information about objects has been the focus of much of our previous research, but we have up to this point concentrated on the properties that are consciously available during extended haptic object exploration. Initially, Klatzky, Lederman, and Metzger (1985) demonstrated that haptic object recognition of common objects is remarkably fast and accurate. In addition to identifying the object, participants were asked to list the dimensions used to determine its category; the properties that were listed included texture, compliance, temperature, weight, volume, shape (both the global envelope and the specific geometric details), object function, and motion of a part.
We do not yet know how early such properties become available because our past work has dealt with purposive exploration over an extended period of time, usually on the order of seconds as opposed to milliseconds. Two types of studies we have conducted do, however, suggest that at least some haptic properties become available within considerably less than 1 s. In studies of speeded classification (Klatzky, Lederman, & Reed, 1989; Lederman, Klatzky, & Reed, 1993; Reed, Lederman, & Klatzky, 1990) , it was found that an object could be assigned to a class specified by multiple properties (e.g., hard and rough) within as little as 750 ms or so (including vocal response preparation and execution). Moreover, recent research has shown that a single brief contact (approximately 200 ms) with the object on an informative part results in object-classification accuracy that is well above chance.
In this research, we asked the following: What is the relative order in which property information about very coarse variation on different dimensions first becomes available for haptic processing after initial contact? We use the term dimension for a domain of variation that is accessible to the perceptual system. We use the word property to represent a single value on a consciously perceptible dimension. The dimensions can be either binary (e.g., right or left orientation) or continuous (e.g., degrees of roughness or hardness). Klatzky and Lederman (in press ) distinguished "property" from a "peripheral feature," which we specifically define in neurophysiological terms as a single value on a dimension that is coded at the periphery (i.e., by first-order afferents). (Treisman used the term primitive in her work on early vision in a similar way; see, e.g., Treisman & Gormican, 1988.) We make no claim that a primitive feature is consciously accessible, although it appears that stimulation of a single unit can trigger a conscious sensation (Johansson & Vallbo, 1979) .
This research was intended to extend our research program to the earliest stages of haptic surface and object processing. We based our assessment of the relative availability of property information on two parameters of the haptic search functions, which were obtained in a haptic variant of Treisman's (e.g., Treisman & Gormican, 1988) visual search task. Treisman and Gormican used a search paradigm to empirically identify a set of visual primitives. Participants searched a visual display for the presence of a designated target embedded among a varying number of distractors. To be an acceptable visual primitive, participants had to be able to process such information in parallel across the entire display (i.e., participants had to take the same amount of time to detect the target regardless of the size of the display). This criterion dictates that the slope of the function relating response time to the number of items in the display must be zero.
In our task, participants searched for a target property (e.g., a rough surface) among displays presented to one to six fingers. The resulting search function related the duration of either a target-present or target-absent response to the number of fingers stimulated. This task was performed for an extensive set of properties. Rather than making Treisman and Gormican's (1988) binary distinction between primifives (each coded by one or more specific neural population) and higher level features, we were interested in ordering haptically perceived properties along a continuum, which indicates their relative availability for further processing after the first contact.
For these purposes, both the slope and y0-intercept of the search function may be relevant. The slope indicates the processing load imposed by adding contact at an additional finger. The increased load may, in theory, reflect an added serial step or the distribution of limited capacity over an additional finger. A zero slope indicates that addition of a finger to the stimulated set does not affect the response time and therefore argues against finger-by-finger processing. In our haptic search task, we propose that the slope will be affected by the type of process selected. With respect to the focus of this article, the processes that are of the greatest importance are those that are specific to the target property. For example, the type of process used (e.g., intensive vs. spatial, as defined shortly) will alter slope magnitude regardless of whether exploratory hand movements are used. Furthermore, to the extent that hand movements are performed, there will be differences in serial processing that result from the motoric demands imposed by the particular class of exploratory hand movement or "exploratory procedure" (EP) selected . For example, contour following, used to extract edge information, is considerably slower than either the lateral rubbing motions used to extract texture or the pressure applied normally to a surface typically used to extract compliance. Other processes that will affect the slope are not unique to haptic search tasks, such as the yes-no decision time when a self-terminating search strategy is used.
The y0-intercept also incorporates multiple processes, including some that vary with the target property and some that are property invariant. As with the slopes, those that vary with the target are the most informative processes with respect to relative property availability; however, unlike the processes entering the slope, those that enter the intercept occur in parallel across the fingers. We suspect the biggest effect of this type will be attributable to observers' positioning their entire hand (i.e., all fingers together) to maximize the probability of finger contact with the full set of stimulus items; presumably, greater precision is required for some properties as opposed to others (e.g., 3-D ramps tilting away from the finger seem to require more precise hand placement than textured planar surfaces covering the entire fingerpad). We also postulate additional smaller effects attributable to one-time differences in duration that are required to encode or develop a representation of contacted properties across the fingers. For example, a mandatory interval of time is needed to achieve heat flow between the skin and a surface with high thermal conductivity. It also seems probable that material and spatial properties will vary in this parallel encoding stage. Parallel encoding processes would presumably affect only the intercepts, not the slopes. The second set of processes that may contribute to the y0-intereept includes one-time processes common to all properties, such as the yes-no decision with exhaustive search, mapping the decision onto the appropriate motor output, and the motor response itself. Only the former set of property-dependent processes are of interest in determining relative availability of haptic properties; in the discussion, we use them to confirm and fine-tune the relative ordering suggested by the slope data.
If the extent of parallel processing across the fingers is invariant over the target property that is specified, then only the slope need be considered in evaluating relative property availability. However, the data we report suggest that there is variability in the intercepts obtained with different target properties and that this variability is somewhat systematic, as indicated by significant correlations between slopes and intercepts. As we show, the slope criterion provides a relatively clear picture of the relative order in which haptically accessible properties become available with respect to the intensive versus spatial coding distinctions that are discussed next. In keeping with the significant correlation between slope and intercepts, we show that the intercepts produce the same general pattern. We interpret major discrepancies in the relative ordering of properties by intercept as reflecting the additional importance of one-time property-dependent processes that contribute specifically to the intercept. Therefore, in evaluating relative property availability, we consider both the time course of finger-byfinger processing, as indicated by the slope, and the duration of processes that, for a given property, occur in parallel, as indicated by the intercept.
Our starting assumption is that object properties will be differentially available in early touch depending on how they are processed. Logically, any property of a stimulus (whether proximally or distally defined) can be coded in one or more of the following ways: intensively, spatially, temporally, or modally (in terms of the kind of physical energy, such as thermal or mechanical). We use the term intensive to describe a property that is coded in terms of a unidimensional quantity or magnitude. Intensive properties therefore are those whose dimensional values are coded without reference to planar spatial location or orientation, in contrast to "spatial" properties, which explicitly require such spatial references. 1 To the extent that a property may be processed 1 Our definition of the term spatial differs from a neurophysiological approach. For example, Johnson and Phillips (1981, Footnote 1) defined a mechanism as spatial "if it depends on the exact locations LEDBRMAN AND KLATZKY in more than one way, the observer will presumably use specific task demands (e.g., optimization of speed or accuracy, or explicit instructions) to adopt a particular processing strategy. For reasons that we outline later, we propose that intensively coded properties will generally be processed earlier than spatially coded properties.
For the coarse property discriminations performed in this research, we hypothesized that large differences on many material dimensions such as roughness, compliance, and thermal conductivity would be resolved as intensive, unidimensional variation in total fingertip deformation (e.g., Sinclair & Burton, 1991; Taylor & Lederman, 1975) and in rate of heat flow. Discriminations between flat surfaces and those with surface discontinuities also can be made by coding the surfaces intensively because the maximal deformation of the skin is greater across a raised edge than a flat surface. By contrast, geometric discriminations such as those involving relative orientation (e.g., vertical vs. horizontal) or relative position (left vs. fight) can be solved only by comparing spatially distributed deformation patterns. Continuous 3-D surface contours (e.g., curved vs. flat) form an ambiguous property class because they may be discriminated from one another using either intensive or spatial coding heuristics. For example, if force from a touched surface were described as a binary grid, with some threshold force level required for a cell to be "on," then the outer regions of a curved surface would presumably be "off" as they fall away from the contacting finger, leading to its forming a smaller contact area in the plane than the flat surface. Thus, the curved and flat surfaces can be discriminated intensively by the number of "on" cells or spatially by location of contact area.
Our initial hypothesis was that intensive coding by the haptic system would be accomplished earlier than spatial coding within the plane of the finger. This hypothesis was motivated by several reasons. First and foremost are the results of our many behavioral studies that suggest that the haptic modality encodes geometric properties relatively inefficiently and inaccurately, relative to visual coding of geometric properties or to haptic coding of material properties. The relatively poor spatial performance may be attributed to several factors: (a) the more sparse distribution and larger receptive fields of mechanoreceptor units in the fingertip relative to those of ganglion cells in the retina; (b) difficulties in integrating sparse inputs from multiple, spatially separate local contacts; and (c) a heavy memory load imposed by sequential contour following.
Much of the haptic work on processing geometric information has involved psychophysical acuity studies (e.g., Johnson & Phillips, 1981; Weinstein, 1968) and the haptic recognition of raised two-dimensional (2-D) fingertip-size patterns (e.g., Loomis, 1981) , larger unfamiliar planar forms (e.g., Cashdan, 1968) , and raised-line depictions of common objects (e.g., Lederman, Klatzky, Chataway, & Summers, of active neurons but is unaffected by uniform changes in impulse rate and makes no use of the detailed temporal structure of the impulse patterns in single afferents" (p. 1178).
1990; Magee & Kennedy, 1980) . Recognizing the several factors that limit the relative efficiency of haptic spatial processing, Klatzky, Lederman, and Reed (1987) further reasoned that when a task has no prespecified target properties that must be extracted (unlike object identification, in which the one or more properties that are most diagnostic of the object serve as targets), participants will choose to represent objects in terms of the properties that are most efficiently extracted via manual exploration. In that study, observers were required to haptically sort multidimensional objects into similar groups, such that objects placed in the same group resembled each other more than those placed in different groups. The planar stimulus objects varied in perceptually equivalent intervals along four dimensions: texture, hardness, shape, and size. The first two involved "material" variations, and the second two involved "geometric" variations. By pitting the different sorting dimensions against each other, it was possible to determine their relative salience for object similarity judgments. When observers' judgments were biased toward haptic encoding or were not biased by instructions, they chose to sort these multidimensional objects mainly by the material properties of texture and hardness; by contrast, when asked to sort by vision as well as touch, participants sorted primarily by the geometric property of shape.
The relative salience of the texture and hardness dimensions in conditions that biased perception toward haptic encoding was explained in terms of the relative speed and accuracy with which manual exploration can extract such variations in an object's material, as opposed to planar geometric properties. With vision available, the relative salience of shape was explained by the fact that vision can extract contour information faster and more accurately than can any form of manual exploration; by contrast, the visual system is generally less effective than touch with respect to processing variations in material properties.
Further support for the ease with which material properties are haptically encoded has been provided by studies of roughness detection. Sathian and Burton (1991) proposed that changes in roughness be considered a haptic perceptual primitive: Cued attention manipulations had no effect on the accuracy with which participants could detect the presence of a roughness change embedded in constant-roughness distractors presented to four fingers.
The second reason for our spatial-intensive prediction relates to current neurophysiological considerations. Some properties correspond to what are called peripheral features (i.e., peripherally coded features). A number of these are likely intensively coded. Based on what is currently known, the set of peripheral features to date includes warm and cool (for a review, see Kenshalo, 1984) and several based on gradient of skin deformation (in monkey, see LaMotte & Srinivasan, 1993; in cat, see Vierck, 1979) : edge and no edge, hole and no hole, shallow and deep hole, slanted (3-D) and flat, and curved and flat (for a more extensive review, see Klatzky & Lederman, in press ). However, it also is important to note that there is not a 1:1 mapping between intensive properties, as we define them, and properties that are coded at the peripheral feature level (i.e., by first-order afferents). For example, roughness appears to be computed cortically, yet it is an intensive property.
In addition to the aforementioned behavioral and neurophysiological considerations, our prediction that spatially coded properties would be available later than intensively coded properties was guided by the fact that relativeorientation discriminations logically include intensive processing as a component. Hence, intensive processing is computationaUy nested within spatial. After all, they require extraction of pattern from skin deformation and possibly from kinesthesis: Where two discrete elements are to be localized relative to one another, they must be detected and differentiated, if not identified, before their relative positions or orientations are determined. If the orientation of an edge (2-D or 3-D) is to be determined, the edge must be detected and at least two points sampled to determine the direction of slant. To the extent that the earlier processes such as detection and discrimination are based on intensive distinctions, intensive processing is embedded in the spatial tasks. Processing distinctions such as computational nesting might be relevant to intercept differences in the search functions. However, it does not apply to differences in slopes, as we assume that intensive processing is done in parallel and therefore would not inflate the slope.
In this article, we show that our results cannot be attributed entirely to either the ordering imposed by neurophysiology or by computational nesting. For example, we find that roughness, which is not in the peripherally coded feature set, produces a flat slope and low intercept and is, by our definition, intensive. We also find that warm--cool, an intensive distinction, produces a higher intercept than several geometric distinctions that incorporate intensive processing as we have described; in addition, the relative error rates for the relative-position discriminations, which produce extremely high slopes are in fact lower than some of the intensive tasks that produce relatively low, if not flat, slopes.
To identify the relative order in which perceptual properties become available for haptic processing, we chose a simple haptic variant of Treisman's (e.g., Treisman & Gormican, 1988) pop-out task. Treisman's visual search across space was replaced by search across multiple fingers. On each trial of the current haptic search task, participants were told about a designated target value on some dimension (e.g., "rough"). They were then presented with haptic stimulation to one to six fingers and responded yes or no as quickly as possible according to whether the target value was present on any finger among varying numbers of distractors. After initial passive contact with the stimulus display, participants were free to leave their hands statically in place or to switch to an active haptic search mode to emulate normal haptic exploration.
The dimensions were of four general types (see Table 1 ): (a) There were material discriminations, such as searching for a rough surface among smooth distractors. (b) We also included tests for abrupt-surface discontinuities, such as looking for a surface with a raised bar among flat surfaces. (c) There were searches involving relative orientation of The perceptual dimensions were selected with several criteria in mind. They derived generally from first principles of physics and materials sciences (see , although they also related to observers' partitioning of conscious haptic experiences of surfaces and objects (Klatzky et al., 1985) and to observed associations with specific haptic exploratory procedures . Our selection of material and geometric (specifically, a subset of the latter constituting relative-orientation discriminations) categories was further driven by clear differences in the efficiency with which the haptic system processes such information. The two remaining categories were chosen to expand our consideration of intensive versus spatial coding heuristics and because of their coverage in the human and machine vision literature. In Table 1 , we have capitalized the terms used in the discrimination instructions to participants; for additional clarification, we have added lowercase descriptors that are relevant to the physical stimulus parameters.
In our previous work we divided object properties into geometric (e.g., shape, size) and material (e.g., texture, hardness) classes (see , and we have highlighted the relative efficiency with which the haptic system processes the two classes. We have not always distinguished between the qualifying terms spatial and geometric, but this research now requires us to do so. Henceforth, we reserve the terms geometric and material for discussing properties of surfaces and objects; we now make a second distinction--between intensive and spatial--when referring to process as opposed to property per se. Properties that are distinguished intensively are coded along some single underlying dimension (e.g., various material dimensions, abrupt-surface discontinuities); those that are distinguished spatially are coded with reference to layout in some reference system. We find that whereas material properties appear to be coded intensively, without exception among those we have studied some geometric properties can be distinguished intensively and others require spatial processing. Some of our data (e.g., curved vs. flat and 3-D slanted vs. flat) may reflect mixed contributions of both types of processing.
T H E EXPERIMENTS
In all, we tested properties along 13 dimensions. The stimulus pair for each experiment is shown in Figure 1 . For a given dimension, the distractors had a constant value, which always differed as much as possible from that of the target; we deliberately made the perceptual discrimination as easy as possible. For some dimensions, more than two extreme values were tested to allow us to also directly investigate the effects of discrimination difficulty. Most studies were done bidimensionally; that is, if a participant searched in one condition for property value A among distractors having property value B, he or she searched in another condition for a B among As.
As in Table 1 , the title of each experiment is labeled in terms of the discrimination the participant was instructed to perform. To maximize clarity and save space, we provide in Experiment 1 a detailed account of the methodology common to all experiments. Included is a description of the fully automated apparatus used to prepare and present the stimulus displays (Moore, Broekhoven, Lederman, & Ulug, 1991) , as well as details concerning the procedure and experimental design. For each subsequent experiment, we provide only additional brief descriptions of the participants and stimuli, graphs of the search functions, a brief description of the hand movements performed, and a short summary of the slope and intercept results. A complete compendium of the results of all experiments is contained in tables. Table  2 shows slopes (1 SE) and intercepts (1 SE) for target and no-target search functions, as well as corresponding r 2 values for the linear regressions applied to those data. Error percentages for the target and no-target conditions also are included. Table 3 shows the results of the analyses of The underlined property is the target. F = main effect of property value; P = main effect conditions; F × P = interaction term; horiz = horizontal; vert = vertical; 2-D = two-dimensional. *p < .05. **p <.01. ***p <.001.
of target-present versus target-absent variance (ANOVAs) applied to the slopes and y0-intercepts for each experiment (for further details, see Experiment 1).
MATERIAL PROPERTIES
Experiments 1-3 involved easy discriminations on material dimensions and, for reasons explained previously, were expected to produce relatively shallow search functions through use of intensive coding strategies.
Experiment 1: Smooth Versus Rough (Easy Discrimination)

Me~od Participants
Eight university students (3 men and 5 women), drawn from an introductory psychology course, volunteered for course credit. Six were right-handed and 2 were left-handed, as defined by Bryden (1977) .
Apparatus
A fully automated apparatus, Q'HAND, was used to prepare and deliver the haptic stimulus displays (see Figure 2) . It consists of a set of six stimulus drums, each with eight planar facets (2.2 cm wide × 3.2 cm long) distributed around its circumference, to which various raised or indented stimuli such as textures, edges, and bars may be affixed. The bases of the various stimuli also were 2.2 × 3.2 cm to match exactly the size of the planar facets to which they were attached. Each haptic display was prepared by rotating the six drums under software control by an IBM-compatible computer until the desired facets were facing upward. A "blank" consisted of two adjacent facets on each drum that were cut away to produce a section of the display that made no contact with the associated finger (i.e., neither target nor distractor appeared in this position).
The drums were mounted on a platform that could be raised and lowered under software control. On each trial, the displays were prepared with the platform in the lowered position. After 45 ms, the platform was raised so as to simultaneously contact selected finger combinations of the middle three fingers of both hands, which were positioned on a pair of hand and finger rests. Left-and right-thumb switches mounted on the inside edges of the hand rests were used to indicate the participant's response selection and its duration and to trigger the lowering of the platform. A trial lasted approximately 2,650 ms. A complete description of the apparatus may be found in Moore et al. (1991) .
Stimulus displays.
A block of 12 displays were prepared.
Within each block, display size varied from 1 to 6 and there were two types of displays for each size. In a "target" display, there was one instance of the designated target value on the dimension, whereas in a "distractor" display, no target was present. Across the 6 target displays of each block, the displays consisted of one target item and zero to five distractor items. For these 6 displays, the target was randomly assigned once to each of the six drum positions using sampling without replacement. The requisite distractor items for each display were assigned such that across the entire block, they appeared equally often within each display position. "Blank facets" appeared in any display position not occupied by either a target or a distractor item. This procedure was used to produce 12-display blocks in all experiments reported in this article.
Stimulus properties. Stimulus textures were produced as 3-D, plastic polymer plates using a photoengraving technique known as "nyloprint" (see Lederman, Thorne, & Jones, 1986) . The surface textures consisted of raised dot patterns (dot diameter = 0.34 ram); average interdot spacings of 0.625 and 2.625 mm (inner edge to inner edge) were selected for a very easy discrimination task; the numeric values were selected on the basis of pilot work. (An additional geometrically intermediate value, 1.250 mm, also was used in Experiment 1 to assess the effects of level of difficulty, which are not discussed here for reasons explained later.) The actual textured surfaces were produced using the following algorithm: First, a pair of regularly spaced dot matrices were created. The regularly spaced dot patterns were subsequently randomly "jittered," each within a defined circular area so as to maintain, on average, the same spacing between adjacent dots. This produced textures that appeared to be random but had a measurable average interdot spacing.
Experimental design. A within-subjects design was used with the following variables: target property (rough vs. smooth), target presence (present vs. absent), display size (one to six), and repetitions (seven). An additional variable, discrimination difficulty (low or high), was originally included in this first experiment, with stimulus values selected in a way that precluded the evaluation of perceptual asymmetries. However, after completing Experiment 1, we decided to expand the focus of our research program to include an assessment of the extent to which perceptual asymmetries occurred with each candidate property and to examine the effects of discrimination difficulty in two selected cases (Experiments 14 and 15). We therefore discuss the effects of difficulty later. The main consequence of manipulating discrimination difficulty here was that the data shown in Figure 3 were based on twice as many scores as those in all subsequent experiments. Difficulty-of-discrimination conditions were counterbalanced across target property conditions and participants within days; the target property variable was counterbalanced within participants across 2 days. Assignment of "target-present" and "target-absent" responses to right-and leftthumb switches was counterbalanced across participants.
Practice. Preceding both target conditions (rough and smooth), each participant performed two (or three for the difficult condition) full repetitions of practice trials. Each repetition consisted of 24 trials (i.e., 2 blocks of the 12 displays produced by combining the target presence [2] and display size [6] conditions).
Experimental Procedure
Practice session. Participants first read the following instructions for the rough-target/smooth-distractor condition. Only the capitalized words were altered, as required by condition: "On each trial, you will feel raised stimuli under some of your fingers. You are asked to determine if any one of the stimuli is the specified target (ROUGH). The remaining stimuli will be SMOOTH. For any given trial there will be only one target (ROUGH), if it appears at all. The target will only be present on half the trials. You are asked to indicate whether the target is present ('yes' or 'no') by pressing the appropriate thumb switch. Do this as quickly as possible since speed is being measured. However, it is also extremely important that you make no mistakes in this task. Please do not use your nails."
Participants were then shown the apparatus visually; the stimulus drums were covered with a black cloth to prevent sight of the stimulus surfaces. The experimenter adjusted the position of each drum so that each distal joint rested on a marker that protruded from the ends of the finger slots. Participants were told that the stimuli were on a mechanized platform that would be raised to contact their fingers on each trial. Their task was to determine whether a target was present on each trial.
Participants next donned blindfolds and headphones (to dampen machine sounds) to perform the practice and test trials. They were told to indicate whether a target was present by pressing thumb switches. During the first few practice trials, feedback was provided and continued until they were comfortable with the task (usually about halfway through the first set). A second set of 24 practice trials was then carried out with participants now instructed to maximize both speed and accuracy.
The second practice set also was used to determine upper and lower limits for acceptable response times (RTs). The maximum acceptable RT for that participant was defined as 3 SDs above the mean. In subsequent test trials, any response slower than the upper limit was repeated at the end of that set. The minimum acceptable RT was calculated as follows: Participants were instructed that on each trial they would feel a smooth surface (no edge) under one to six of their fingers; the display changed on every trial. Participants were told to hit the right or left thumb switch, which was designated by the experimenter at the start of each trial, as soon as they felt contact under any finger. They ran through a block of 12 trials (6 left and 6 right) presented in random order. The minimum RT was defined as 1 SD below the mean. Any test responses quicker than this time also were subsequently repeated, although this rarely occurred.
Test session. Each participant received seven sets of 24 trials (a block of 12 target-distractor combinations plus a block of 12 distractor-only combinations) in each of the two target texture conditions for that day. The program enabled the experimenter to stop after each block if necessary to give breaks or make any necessary readjustments. If a participant made three errors on the same display, it was not presented for that block. Therefore, some participants received fewer than 14 trials with each targetdistractor combination. After a break, the target-distractor assignments to the smooth and rough surfaces were reversed; the entire procedure (including the practice and test sessions) was repeated as described previously. On Day 2 the entire practice and test procedures were repeated with the presentation order of target texture conditions reversed.
Results and Discussion
All error rates for the target and no-target search tasks are shown in Table 2 . Error rates are discussed in the GEN-ERAL DISCUSSION.
The slopes of the haptic search functions were calculated using only the correct RTs. The mean RTs were first averaged across observers and replications and were plotted as a function of display size for both target-present and target-absent conditions shown in Figure 3 ; the top and bottom of the figure show the data from the rough target/ smooth distractor and smooth target/rough distractor conditions, respectively. A least-squares linear regression was used to determine the best-fitting line for RTs as a function of display size. The linear functions and their slopes are shown in Figure 3 ; each data point represents the mean calculated over all participants and replications and is based on a maximum of 14 scores. In Table 2 , we present the corresponding mean slopes (+ 1 SE) from the ANOVAs of the slopes calculated for individual observers for all experiments. The means of individual-participant slopes were typically similar to those calculated in the omnibus linear regressions, where RTs were averaged over observers for each abscissa value before fitting the linear function. For this and all subsequent experiments, the slopes of the search functions were fairly similar across participants, as indicated by the homogeneity of standard errors as a function of increasing display size. The r 2 values for the linear regressions performed on the haptic search functions (RT as a function of display size) were all reasonably high when the slopes were of any sizable magnitude. (Note that when the slope was low, the correlation values resulted as a consequence of the mathematical equation relating the correlation coefficient and the slope of the regression line.) These values are reported for all experiments in Table 2 , which also includes the y0-intercepts obtained from the ANOVAs.
The search functions are presented as part of the Results section of each experiment. As in theory, there was no reason to expect departures from linearity (other than possible biomechanical constraints such as hand placement), so we decided to reduce the complexities of reporting the results of so many experiments by performing all subsequent ANOVAs on the slope data using a two-way repeated measures design involving target property and target presence as variables. The same design also was used to analyze the y0-intercept data. The results of both analyses are included for this and all other experiments in Table 3 .
Also for each experiment, at the end of each target property condition the experimenter briefly noted the primary types of hand movement patterns used by each participant. This coarse description was based on the set of EPs previously documented by Lederman and Klatzky (1987) . An EP is a stereotypical hand movement pattern that has both necessary and typical characteristics. Each EP has been shown to be optimal, if not necessary, for extracting a particular object property; it also is sufficient for extracting one or more other properties.
In the current experiment, lateral motion, a back-and-forth rubbing motion on a surface, was the optimal EP for extracting fine differences in perceived roughness. In actuality, however, participants produced few hand movements of any kind after initial contact.
The use of an automated apparatus in these experiments confirmed our suggestion that ambiguities in the earlier data (Lederman, Browse, & Klatzky, 1988) were due to our inability to present displays quickly to the observer. Finding a near-zero mean slope (3.7 ms/item) in Experiment 1, occurring when the target was rough and the discrimination between rough and smooth stimuli was very easy, indicated that participants were indeed capable of processing all items in the display within the same period of time regardless of display size. The mean slope for the smooth target condition (36.1 ms/item) was also relatively shallow, although there was a clear perceptual asymmetry, which favored search for rough targets. The mean intercepts for the rough and smooth target conditions were 388.1 and 457.8 ms, respectively.
From here on, unless otherwise reported, the introductory psychology participant pool (all subsequently right-handed, as defined by Bryden, 1977) , apparatus, and procedures for all experiments were the same as those used in Experiment 1. The experimental design also was similar to that of Experiment 1 with respect to the target-present and targetabsent, display size, and repetition conditions. However, because discrimination difficulty was subsequently examined only in the final two experiments, a single pair of stimuli was subsequently used to evaluate perceptual asymmetries; thus, the experiments could be run in their entirety in a single day.
Experiment 2: Hard Versus Soft
Eight participants (5 women and 3 men) were required to perform two haptic search tasks: the hard and soft items served both as the target and distractors. Rectangular pieces were cut from relatively hard rubber ("hard") and from more deformable, compliant foam rubber ("soft") and were used in easy hard-soft discrimination tasks. Each piece was mounted on a thin pine base and covered with nylon stocking material to maintain the same surface texture and thermal properties. The relative compliance of these surfaces was measured with an apparatus described by Fuma and Bajcsy (1988) . A force--deformation function was obtained with this apparatus by applying forces of different magnitudes via a cylindrical contactor with a diameter of 4.75 mm to the hard and soft stimuli and measuring the resulting magnitude of static deformation. Both functions proved to be highly linear, with slopes of 19.7 and 0.81 and r 2 values of .994 and .965, respectively. These slopes were measures of the deformability of the two surfaces.
The two sets of haptic search functions are presented in perceptual asymmetry in these values. The associated mean y0-intercepts were 478.4 and 515.7 ms, respectively. The typical pattern of hand movements consisted of the rapid application of a force normal to the stimulus surface, or what we have called a pressure exploratory procedure , which is optimal for judging compliance.
Experiment 3: Cool Versus Warm Eight participants (3 women and 5 men) searched for a cool target among warm distractor items. The target and distractors for this thermal search experiment consisted of a cool surface, made of copper (0.063 btu/(hr) (ft2) (F/ft), and a warm surface, made of soft pine (227 btu/(hr) (ft2) (F/ft), and machined to achieve a similar perceived texture to the copper. These materials were selected to maximize the difference in thermal conductivity between the cool and warm items. Our participants were informally asked whether they could tell the difference between the two thermal conditions by rating their confidence on a scale of 1 (no confidence) to 5 (high confidence); the mean rating was 3.1.
They also were asked to numerically rate both thermal and surface texture similarity on a scale of 1 (lowest) to 100 (highest); across participants, the mean ratings were 61 for thermal similarity and 88 for texture similarity.
Initial error rates were assessed using 3 pilot participants, who were initially run in both cool-and warm-target-search conditions, using 795 ms for the intertrial delay (a 45-ms delay was used in all other experiments) to reduce possible thermal-contrast effects produced by touching surfaces quickly in succession. Although it seemed likely that by using a longer intertrial interval we could achieve acceptably low error rates for the cool searches, those for the warm searches produced error rates that were much too high to justify proceeding with analyses of correct RT data. On the basis of our pilot work, we cho'se to require participants to search only for a cool surface among warm distractor items in the formal experiment. An intertrial delay of 1,045 ms (i.e., 250 ms greater than in the pilot) was used.
RT is plotted as a function of display size for both conditions in Figure 5 ; the mean slope and y0-intercept of the linear regression functions were 30.2 ms/item and 892.6 ms, respectively. Because we did not use the warm stimulus as the target, we were, of course, unable to assess the presence of any perceptual asymmetry. However, given the considerable number of errors made in our pilot work when using the warm stimulus as the target, we tentatively suggest a search asymmetry favoring cool over warm on the basis of the corresponding asymmetry in the error-rate data. Because apparent temperature in Experiment 3 was manipulated by the material (pine vs. copper) presented to the skin, which determined the rate of heat flow away from the body, rapid heat flow seemed to be what was extracted (texture and compliance differences were relatively minimal compared with thermal capacity). All participants contacted the surface with a normal force of apparently low magnitude, that is, they used a static contact EP , which is optimal for extracting information about thermal conductivity.
Summarizing the results of the material discrimination experiments (1-3), the mean slope values for the easy discriminations ranged from 3.7 to 36.1 ms/item. The mean intercepts ranged from 388.1 to 892.6 ms. Perceptual asymmetries were evident for rough (vs. smooth) and cool (vs. warm) targets.
ABRUPT SURFACE DISCONTINUITIES
In Experiments 4-7 we examined how quickly participants could detect abrupt-surface discontinuities (e.g., raised edges, receding edges). We expected that, like material properties, such discriminations were likely to elicit intensive processing strategies and therefore to be processed relatively early on.
Experiment 4: Horizontal or Vertical Bar Edge Targets
Versus No-Edge Distractors Eight observers (5 women and 3 men) performed two target property conditions in this experiment. In one condition they searched for a straight edge, produced by a horizontally aligned raised bar, among no-edge distractors. In a second condition, they looked for a straight edge, produced this time by a vertically aligned bar, among no-edge distractors. The reverse situation in which observers searched for a no-edge target among vertical (or horizontal) edge distractors was not used here (although it was in Experiment 5). In fact, the orientation of the edge was never mentioned to the observers because this experiment was originally performed in conjunction with Experiment 9 (horizontal vs. vertical) to assess whether the high slopes in that experiment were caused specifically by the orientation of the target edge or because the stimuli had edges. The height and width of the aluminum stimulus bar from its base was 4.5 and 4 mm, respectively. The vertical bar was aligned through the center of the facet's x-axis, and the horizontal bar was aligned through the center of the y-axis. Number of Items The two sets of search functions are shown in Figure 6 . As we show in Experiment 9, the slopes were all considerably lower than those obtained in a search for bars that were oriented in a specific direction (horizontally vs. vertically). The mean slopes for the edge target functions were 4.3 (horizontal) and 17.2 (vertical) ms/item, respectively. The conditions did not allow us to assess whether there was a perceptual asymmetry for edge versus no-edge targets in this experiment. The mean y0-intercepts for the horizontal and vertical edge targets were 783.9 and 820.9 ms, respectively.
Participants tended to make a number of lateral motions initially with both searches (lateral motion EPs). Occasionally participants would make movements toward or away from themselves to confirm a horizontal edge target. This constituted a contour following procedure. Toward the end of the session, most participants made only brief movements and frequently held their hands statically (static contact).
Experiment 5: Horizontal Bar Edge Versus No Edge
Eight participants (5 women and 3 men) searched for the presence of an edge property among no edges and vice versa. Note that, unlike in Experiment 4, the edge and no-edge stimuli were used in both target and no-target conditions. The edge property was produced using a horizontal bar (as described in the previous experiment), with a height above the base of 5 mm and a width of 4 mm. A planar aluminum block, the height of the base of that bar, was used to produce the no-edge stimuli.
The two pairs of functions are presented in Figure 7 . The mean slopes for the edge and no-edge targets were 11.5 and 17.3 ms/item, respectively, demonstrating no evidence of a perceptual asymmetry. The corresponding mean y0-intercepts were 522.5 and 487.9 ms, respectively.
Overall, the coarse edge/no-edge discrimination was performed with little hand movement. When it occurred, it was usually with the horizontal edge stimuli and involved a slight arching and lowering of the fingers across the edge.
Experiment 6: Cylindrical Hole Versus No Hole
Eight participants (6 women and 2 men) detected the presence of a hole target among no-hole distractors and vice versa in separate blocks. All stimuli were made of aluminum; the centrally positioned hole in the hole stimulus was cylindrical in shape, 12.7 mm in diameter and 2.54 mm in depth. The no-hole stimulus was a continuous surface. Figure 8 shows the target-present and target-absent search functions for the hole and no-hole conditions. The corresponding slopes were -1.8 and 56.3 ms/item, respectively, indicating a perceptual asymmetry favoring the hole as the target. The associated y0-intercepts were 467.3 and 596.4 ms/item, respectively. When the hole was the target, participants rarely performed any movement; when they did so, it was usually in the form of an applied pressure into the hole, which seemed to be an attempt at contour following. When the no-hole surface was the target, all participants made slight movements again using a contour following procedure, presumably to search for a hole.
Experiment 7: Shallow Versus Deep Hole
This experiment dealt with the relative depth of a hole as a property. The task required participants (5 women and 3 men) to search separately for a shallow hole among deep distractors and a deep hole among shallow holes. The holes consisted of centrally positioned, cylindrically shaped indentations, with depths of 0.635 mm and 2.54 ram, respectively, and a deep-to-shallow depth ratio of 4:1. The diameter of all holes was 12.7 ram. To consider the effect of discrimination difficulty, we conducted a subsequent experiment (Experiment 15) using a more difficult discrimination involving a 2:1 depth ratio.
The search functions are presented in Figure 9 . The mean slopes for the deep and shallow functions were 22.6 and 63.0 ms, respectively. The effect of target approached significance (p = .056), indicating, as did the significant interaction term, that it was easier to detect the presence of a deep target than a shallow target. The corresponding mean y0-intercepts were 563.0 and 637.7 ms, respectively. The most typical movement involved pressure into the hole, which could have been either a contour following EP used to follow the edges down to the bottom of the hole. Summarizing the results of the abrupt-surface discontinuity experiments (Experiments 4-7), the mean slope values ranged from -1.8 to 63.0 ms/item. The y0-intercepts ranged from 467.3 to 820.9 ms.
RELATIVE-ORIENTATION PROPERTIES
In Experiments 8-11, participants performed discriminations that presumably require spatial processing; once again, to maximize discriminability, we selected the stimulus values to be as different as possible. The subset of geometric properties that we selected involved discriminations of relative orientation. Such tasks explicitly allowed us to produce equivalent intensity cues to ensure that observers processed the stimuli spatially, that is, with respect to the layout of points in space (in external or finger-centered coordinates). To guarantee such coding, the object pairs differed only in relative orientation or position. Therefore, this differed from the task of recognizing free-standing objects because such properties are not usually specified. machine screw; diameter = 5 mm). The screw was raised 3 mm above the base and was situated 4 mm from the center (i.e., immediately adjacent to the left or right side) of a hemispherical indentation (diameter = 8 mm), which was machined into the center of the facet. The search functions are shown in Figure 10 . The mean slopes for the left and right functions were 439.4 and 463.1 ms/item, respectively, with no perceptual asymmetry apparent. The corresponding y0-intercepts were 791.8 and 26.6 ms, respectively. All observers moved their hands to perform the task. One strategy involved rolling their fingers from side to side around the central area of indentation; frequently, this movement was performed sequentially, one finger at a time. Another strategy was to trace along the circular edge of the indentation in search of the adjacent raised screw. These two movement patterns would both be classified as contour following procedures . The observers with large fingers tended to touch the contours of the central hole and raised element simultaneously (an enclosure EP, in keeping with scoring procedures used by Reed et al., 1990) , with some motions vertically down into the indentation, presumably to extract edge information (contour following).
Experiment 9: Horizontal Versus Vertical Planar Orientation
Eight participants (4 women and 4 men) were required to search for a horizontal bar among vertical bars and vice versa. The written instructions included a visual depiction of a topdown view of the vertical and horizontal stimuli to indicate orientation. The stimuli were described in Experiment 4.
The search functions are presented in Figure 11 . The mean slopes for the horizontal and vertical conditions were 57.2 and 90.8 ms/item, respectively, with no statistical evidence of a perceptual asymmetry. The corresponding y0-intercepts were 685.9 and 581.9 ms, respectively.
During the horizontal trials, participants tended to move their two hands in simultaneous side-to-side movements or with normal force movements along the horizontal contours. In the vertical target trials, they traced along the vertical contours using movements toward and away from their own body; occasionally, participants also executed the horizontal target movements. These movements could all be described as contour following procedures. As the experiment progressed, participants tended to decrease their movements, sometimes using only an enclosure procedure. orientation. The left orientation was produced by having the bar extend from the lower right comer upward to the left at 45 ° relative to the proximal edge of the facet. The right direction was the mirror image of the left stimulus. The thickness of the base was 1.5 mm. The bars were raised 4.5 mm from the surface contacting the finger; the bars' width was 4.0 mm. The search functions are presented in Figure 12 . The mean slopes for the left and right search functions were 116.8 and 101.4 ms/item, respectively, with no evidence of a perceptual asymmetry. The corresponding mean intercepts were 844.0 and 868.1 ms, respectively.
Participants all tended to begin the task by performing sequential finger movements. At some stage during the experiment, most participants switched to one of two strategies. In one, participants executed quick, simultaneous, and parallel finger and hand movements that traced the length of the stimulus (contour following). In the other, they let their fingers protrude over the edge of the finger supports to maximize target detection from initial contact (enclosure). Participants occasionally reverted to the finger-by-finger movement strategy, especially when it appeared initially that they had made a mistake.
Experiment 11: Left Versus Right 3-D Orientation
Eight participants (5 women and 3 men) searched for a left slanted surface among right slanted surfaces and a right slanted surface among left slanted surfaces. The magnitude of the 3-D slanted surfaces was 25°; this value was selected because it was the steepest slanted surface that allowed contact with all display items when the platform was raised. Direction was defined as follows: If the top facet slanted from lower left to upper right when viewing at right angles to the finger axis, it was described as facing the participant's "left"; if it was from lower right to upper left, it was described as facing "right." Figure 13 shows the four search functions. The mean slopes for the left and right conditions were 182.5 and 189.5 ms/item, respectively, with no perceptual asymmetry. The corresponding y0-intercepts were 974.9 and 841.7 ms, respectively.
Seven of 8 participants performed some form of contour following procedure, either with both hands simultaneously or with the two hands in sequence (e.g., motions down, up, or down-then-up the slanted stimuli; lateral rolling motions by all fingers simultaneously across the stimuli). One participant began without movement (enclosure), then switched to a contour following procedure; another started with a combination of no movement (enclosure) and small roiling motions (contour following), subsequently dropping the latter halfway through the experiment. Only 1 participant performed a brief enclosure throughout. Summarizing the series of experiments on coarse relativeorientation discriminations (Experiments 8-11), the mean slope values ranged from 62.2 to 463.1 ms/item, with no evidence of any perceptual asymmetries. The y0-intercepts ranged from 581.9 to 974.9 ms. 2 CONTINUOUS 3-D SURFACE CONTOUR PROPERTIES
In the next two experiments we examined discriminations involving continuous 3-D surface contours: fiat versus curved and fiat versus 3-D slant (ramp). We present these last in the series on coarse property discrimination because we could make no unambiguous predictions about the relative slope values. Both intensive and spatial encoding strategies were viable.
Experiment 12: Curved Versus Flat Surfaces
Eight participants (4 women and 4 men) searched for a curved surface among fiat distractor surfaces and a fiat surface among curved distractors. The curved stimuli were produced in aluminum as hemicylinders, with a 10.5-mm radius of curvature; the base was then cut into a rectangular form appropriate for mounting on a facet of the stimulus.
The search functions are shown in Figure 14 . The mean slopes for the curved and flat surface conditions were 44.6 and 57.6 ms/item, respectively, with no statistical evidence of a perceptual asymmetry. The corresponding y0-intercepts were 520.1 and 477.4 ms, respectively.
The few movements performed in this experiment generally decreased in frequency over the session until by the end participants used only simple contact, constituting an enclosure procedure. Movements consisted of the fingers being rolled across the stimulus contours in coordinated fashion, which we classified as contour following.
Experiment 13: (3-D) Slanted Versus Flat
Eight participants (4 women and 4 men) searched for a relatively "fiat" target among more steeply 3D "slanted" (i.e., ramp) stimuli, where the top facet was slanted from the participant's lower right upward to the left. The slant magnitudes of the two properties, 5 ° and 25 ° , respectively, were selected on the basis of pilot work to satisfy two goals. First, these were the most extreme values for which all items in each display contacted the fingers when the platform was raised. Second, the discrimination was easy, ensuring relatively low error rates.
The four functions are shown in Figure I5 . The mean slopes for the slanted and fiat surface conditions were 42.1 and 289.1 ms/item, respectively. A clear perceptual asymmetry was evident: The slopes obtained when the target was slanted were considerably lower than when it was fiat. The corresponding yo-intercepts were 1,147.9 and 1,131.8 ms, respectively. Initially, participants tended to use a contour following EP: They rolled their fingers simultaneously down to their right, following the contour of the ramp. Further into the session, some participants produced a more truncated version of these movements.
DIFFICULTY OF DISCRIMINATION
In the previous experiments coarse discriminations were used when determining the relative availability of property 2 One might ask whether the relatively high slopes obtained in the relative-orientation discrimination tasks have been inflated by stimulus-response incompatibilities. Indeed, three of the experiments (Experiments 8, 10, and 11) involved left-right discriminations (two-dimensional orientation, 3-D orientation, and right-left position) paired with compatible or incompatible left-right responses. We therefore performed additional analyses of variance (ANOVAs) on the slope and intercept data for those experiments to assess the extent of this confound. An additional withinparticipants variable was added to the original ANOVAs, response hand (left vs. right). None of the relevant effects was statistically significant for either slope or intercept analyses. pilot participants in performing the discrimination task. Anticipating a high error rate, we decided to allow for the possibility that we might have to substitute error functions for the more standard correct RT functions. Therefore, each display was presented only once to permit high error rates to occur. (We could still have permitted up to three repetitions of a haptic display that elicited an incorrect response and presented only the error rate for the first session if necessary, as suggested by one reviewer. However, this procedure would have resulted in prohibitively long and fatiguing sessions, resulting in questionable data.) Participants required more information about how to perform the task correctly than the simple accuracy feedback typically provided during the practice blocks.
The search functions are shown in Figure 16 . Unlike the coarse discriminations in Experiment 1, all four slopes clearly increased: The mean slopes for the rough and smooth conditions were 166.5 and 329.3 ms/item, respectively. As before, a perceptual asymmetry was obtained that favored the rough target. The corresponding y0-intercepts were 1,062.3 and 1,165.5 ms. Throughout the experiment (cf. the easy rough-smooth discrimination task used in Experiment 1), participants moved their hands together over the surface in a single coordinated movement that followed a distal-proximal sequence (lateral motion). information for processing during initial contact. Although we could not equate difficulty across experiments, we took steps to ensure that the discrimination tasks were as easy as possible for each dimension. The final two experiments were specifically designed to assess whether task difficulty would further affect the slopes of the haptic search functions within a given dimension. Increasing the difficulty of a visual discrimination has been shown to increase the slope of the search function (see, e.g., Treisman & Gormican, 1988) .
Additional Experiments With Difficult Discriminations
Experiment 14: Smooth Versus Rough (Difficult Discrimination)
In this experiment, we used a more difficult smoothrough discrimination. Eight participants (6 women and 2 men) were used. A 4:1 ratio of spacings between adjacent dots had been selected for the easy roughness discrimination in Experiment 1. For the "difficult" discrimination here, we chose a ratio of 2:1. The actual stimulus values were drawn from the upper half of the interelement spacing range used in Experiment 1:1.250 and 2.625 ram, respectively.
One adjustment to the standard procedure was necessary because of the considerable difficulty encountered by our 
Experiment 15: Shallow Versus Deep Hole (Difficult Discrimination)
Eight additional participants (5 women and 3 men) searched for moderately shallow targets (1.27 ram) among deep distractors (2.54 mm) and vice versa. The deep-toshallow ratio was 2:1, as compared with the 4:1 ratio in Experiment 7. The shallow tasks were so difficult that, because of unacceptably high error rates in 5 of the first 8 participants, it was necessary to replace them with 5 others.
The four search functions are shown in Figure 17 . The mean slopes were 74.9 and 196.15 ms/item, respectively, indicating a perceptual asymmetry that favored the deep target over the shallow target. The corresponding Y0-intercepts were 746.05 and 836.1 ms.
Participants typically exerted a force directly down into the hole, following the inner edges, that is, a contour following procedure.
General Discussion of Task Difficulty
The increase in slope values of the search functions with increased difficulty in the rough-smooth discrimination (cf. Experiment 1) is in keeping with previous findings. A similar pattern of results was also evident in the more difficult In each panel, the mean response times averaged across participants and replications are plotted as a function of display size for both the target-present (top) and target-absent (bottom) conditions. T = target; D = distractor. discrimination tasks involving shallow versus deep: All slopes became steep, indicating a switch to a serial search in locating a deep target (cf. Experiment 7). We also found strong perceptual asymmetries, which favored rough over smooth and deep over shallow, as in the corresponding easy discriminations performed in Experiments 1 and 7. We interpreted the increase in slope with the more difficult discriminations as constituting an influence on the RTs that was separate from the effect of intensive versus spatial processing differences. Increasing the discrimination difficulty could substantially change the nature of processing in the task. By contrast, we were attempting to make the discrimination on a dimension as easy as possible within the constraints intrinsic to that dimension. For example, the spatial discrimination called for in the left-right position task could not be made easier. Indeed, the error rates for the relative-position discrimination tasks were lower than with some of the intensive discriminations, despite the fact that the former tasks effected the steepest search functions of all. In this way, we were able to examine perceptual accessibility without contamination by within-dimensions difficulty effects.
GENERAL DISCUSSION
We now discuss the relative availability of a wide variety of properties that are consciously accessible during haptic exploration of surfaces and objects. Relative property availability is considered specifically with respect to an initial brief contact. In our experiments, participants searched haptically for a designated target stimulus among a set of homogeneous distractors, a variant of the visual search task devised earlier by Treisman (e.g., Treisman & Gormican, 1988) . The target and distractor values were selected to be as perceptually different from one another as possible. Correct RT was considered as a function of the number of items in the search display. 3
To determine the relative order in which different properties first become available for haptic processing, we assumed that for flat or very shallow search functions, the target property was processed in parallel (or nearly so) across the entire display and defined such a property as being highly accessible; steeper slopes implied that each finger 3 We also examined the corresponding error data. Except for the cool-warm, ramp-flat, and difficult discriminations, mean error rates rarely exceeded 10-11%. Across experiments, the percentage of misses (errors in the target condition) was usually larger than the percentage of false alarms (errors in the no-target condition). This pattern was found in our previous haptic search research (Lederman, Browse, & Klatzky, 1988) and was typical of visual search data as well (e.g., Krueger & Shapiro, 1980) . It probably reflects the fact that distractors outnumbered targets in most displays. For the target conditions, errors generally tended to increase with display size, which is often taken as contraindicating a speedaccuracy trade-off. For the no-target conditions, the data were considerably more variable: False-alarm functions increased, decreased, or stayed about the same as a function of display size. Overall, however, there was no trend indicating a speed-accuracy trade-off. added load to the processing time, either because of serial components in processing or to limited-capacity processing applied in parallel. By virtue of the added load, properties with nonzero slopes must become available for subsequent processing relatively later than those with flat or shallow slopes.
The pattern of ordered y0-intercepts is more complicated to interpret because there are a number of one-time processes that contribute to the y0-intercept. Some of these are property dependent and are therefore relevant to our analysis of relative property availability. Others are property independent and thus contribute an equal amount to all intercepts.
The Pearson product-moment correlation (r) between slope and intercept pairs across all coarse property discriminations was .48; this value was statistically significant (p < .02), but it accounted for only 23% of the variance. How do we interpret this? If the property-independent contributions to the intercept are constant for all conditions, then the correlation must pick up the property-dependent processing component. Low correlations would result only if that component arose from mechanisms unrelated to those property-dependent processes that affect the slope. For some situations, this was clearly the case. Take, for example, the cool in warm discriminations. The high y0-intercept reflected a parallel process involving a basic limitation in transduction, as previously explained. The low slope value reflected a parallel process (or nearly so) as well because search across multiple fingers was relatively little affected by display size. The relation between slope and intercept therefore indicates that the slope does not appear to be affected by the relatively long transduction time. For other conditions, however, both slope and intercept may be affected by common factors. For example, motor adjustments are performed more carefully when the task is difficult. Thus, whole-hand adjustments would produce a large intercept, whereas finger-by-finger repositioning would produce a high slope for the same target property. In such cases, there would be strong dependence between the two parameters. Therefore, the 23% variance presumably reflects the contribution of sources that influence property availability by affecting the slope and intercept in common; the larger component remaining is presumably attributable to property-dependent sources that differentially affect the slope and intercept and to constant intercepts when there are no property-dependent processes affecting them.
We show later, however, that when differentiated more globally by property category (material, relative orientation, etc.), the ordering of property tasks by intercepts is similar to that by slopes. Anomalies also are important to consider and are interpreted in terms of property-dependent processes that affect only the intercept.
Relative Order in Which Properties Become Available During Early Haptic Processing
We begin with the slope data. Table 4 shows the slopes for all easy search functions ordered by increasing magnitude within each of the four property categories tested. Table 5 shows the corresponding results for the y0-intercepts.
To highlight the patterns obtained in the slope data graphically, we also show in Figure 18 the proportion of target properties contributing to the total number of properties in a particular property class by slope quintiles: material ( Figure 18A ), discontinuity ( Figure 18B ), and relative orientation ( Figure 18C ). That is, the 25 target properties experimentally tested were first ordered with respect to slope magnitude and then divided into successive quintiles of five target properties each. The ordinate in Figure 18 indicates, for a given quintile and property class (material, abruptsurface discontinuity, etc.), the percentage of total properties of that class that occurred within that quintile. For these purposes, slopes are averaged over target and distractor conditions because there was little difference between the two. The corresponding slope ranges (in milliseconds) for a given quintile are also indicated along the x-axis. The results from Experiments 14 and 15, which focused on the effects of increasing discrimination difficulty, are not relevant to the current discussion of relative property availability and were therefore not included. Figure 19 shows the corresponding quintile data for the y0-intercepts, which reflect patterns in each panel that are similar overall to those for the slope data in Figure 18 .
To further interpret the quintile divisions, we also present Tables 6 and 7, which list (from lowest to highest) the properties included in each quintile for the slopes and intercepts, respectively. As noted in the introduction, participants could have adopted either an intensive or spatial processing strategy for discriminations relating to continuous 3-D surface contours (3-D slanted-flat, curved-flat). Therefore, although we include them in the total number of properties on which the quintile divisions are based, they are not shown in Figures 18 and 19 but are shown in Tables 6  and 7 for purposes of comparison. We discuss these properties separately at the end of the section.
Material Properties
Material properties included two rough and smooth, two hard and soft, and one cool and warm discriminations (n = 5). From Table 4 , we see that none of the slopes is higher than 36 ms/item and that several are essentially flat. Correspondingly, in Figure 18A we see that 80% of all material properties lie within the two lowest quintiles.
A similar picture is evident for the y0-intercepts. The only clear exception is for the cool-warm discrimination, which falls in the fifth quintile. The clear discrepancy with all other material discriminations makes good sense because only in the thermal experiment would the relative time for the heat flow process to complete be relevant. This process is determined by differences in thermal conductivity and can be relatively lengthy. In addition, thermal differences are conducted more slowly by the narrow A-delta and C fibers compared with other material properties, which are processed by the wider A-beta mechanoreceptor fibers (DarianSmith, 1982) . Such differences are examples of a propertydependent parallel process, which we have suggested affects only the intercept. Note that the corresponding position for the slope was relatively low (second quintile). aEvidence of a perceptual asymmetry. bWARIVI was not used as a target.
On the basis of both the slopes and y0-intercepts, we conclude that material variations are available for haptic processing relatively early. The only exception is cool, which is available relatively later if both slope and Y0-intercepts are considered.
Abrupt Surface Discontinuity Properties
Discriminations with respect to abrupt-surface discontinuities included all edge/no-edge, hole/no-hole, and shallowdeep discriminations (n = 8). Most types of surface discontinuity produced relatively low slope values--75% of the items fell within Quintiles 1 and 2. Slopes were never larger than 57 ms, and most were considerably less. The Y0-intercept data present a similar picture: For the surface discontinuities, whereas 55% produced y0-intercepts below 563 ms, fully 94% of them fell within Quintiles 1-3, with intercepts no more than 785 ms. From these data, we conclude that abrupt-surface discontinuity properties also are available for coarse haptic processing relatively early after initial contact.
Relative-Orientation Properties
The subset of geometric properties that we selected to equate for intensive cues included discriminations in relative position, planar horizontal-vertical orientation, planar leftfight oblique orientations, and 3-D orientation (n = 8). There was little overlap between either material or surfacediscontinuity tasks and those involving spatial discriminations (see Figure 18C ). All relative-orientation tasks produced relatively high slopes, usually considerably higher than the intensive tasks. Fully 100% of the relativeorientation items were placed in the fourth and fifth quintiles, with slope ranges of 58-116 and 117-464 ms, respectively. A similar pattern in the data was evident in the corresponding y0-intercepts (see Figure 19C) .
The generality of the high slopes and intercepts for relative-orientation tasks, and the fact that error rates in these tasks were comparable to or better than those obtained from other tasks with much faster search rates, suggest that it is not merely the difficulty of the discrimination that undermines rapid search. Participants in the relativeorientation tasks were frequently observed to follow the contours of the stimulus with their fingers, often one finger at a time, which would obviously slow the search. Elsewhere, it has been argued that extraction of planar contour by touch is inefficient and imprecise relative to vision . There is little reason to believe that spatial information obtained from contour following should be processed in parallel. Note. horiz = horizontal; vert = vertical; 2-D = two-dimensional.
We conclude that properties pertaining to relative orientation take longer to become haptically accessible than do material or abrupt-surface discontinuity properties, sometimes substantially so, and that in some cases the slow access reflects the time to effect an EP.
Continuous 3-D Surface-Contour Properties
For distinctions among properties such as 3-D slanted versus flat and curved versus flat, three of the four slopes tended to lie close to the intersection of the intensive (material and surface discontinuity categories) and spatial distributions across quintiles. Initially, we emphasized that these discriminations could be performed using either intensive or spatial strategies. For the three of these, our results may reflect a mix of both strategies, with consequent effects on relative availability. A notable exception was the flat target in 3-D slanted distractors, having a slope of 289 ms/item. We attribute this outlier to the need to follow the contour finger by finger, to adjust the precise positions of more than one finger on difficult-to-locate 3-D slanted distractor items. Motoric adjustments of individual fingers will affect the slope.
For the intercept data, 3-D slanted versus flat discriminations in both directions proved anomalously high (>1,100 ms). Such high intercepts likely resulted from adjustments of whole-hand position, which, again, ensured that the fingers were properly aligned on any ramps that were present. In the introduction, we suggested that repositioning the entire hand is a parallel, property-dependent process that contributes only to the intercept. (However, it may reflect a level of task difficulty that also leads to a larger slope.)
We conclude that coarse discriminations involving 3-D slant require a relatively long period of time for initial processing, particularly to make contact with the slanted surfaces by both the whole hand and the single finger. We did not expect curved versus flat discriminations to be similarly constrained by these processing demands, and, indeed, the intercepts were considerably lower (approximately 500 ms), as were the slopes.
Overall, our results suggest that relative property availability is best ordered by the relative efficiency of various haptic processes rather than by neurophysiological concerns (i.e., peripheral vs. higher order neural feature detectors) or by the degree of computational nesting. Our findings indicate that properties that are coded intensively will be available to an object-identification system relatively earlier than those that must be encoded spatially. The intensive versus spatial processing distinction has important ramifications not only for object identification, but also for segmenting the world into objects and supporting surfaces and for functional Quintile of Slopes (-2-10 msec) (11-30) (31-57) (I 17-464) Figure 18 . The proportion of items in each of three property categories is plotted for the slope quintiles, calculated for the set of 25 coarse properties; only Experiments 1-13, which involved coarse discrimination tasks, are included in the set. The corresponding slope range for each quintile is also indicated in parentheses. Slope values were obtained by averaging over the target-present and target-absent conditions. A: The proportion of material properties in each quintile. B and C: The corresponding data for discontinuities and relative-orientation properties, respectively.
interactions with objects, wherein the hand-object contact must be spatially aligned appropriately.
Perceptual Asymmetries in Haptic Search
For some of the dimensions explored in this article, we further observed perceptual asymmetries in the slopes of the haptic search functions for a targeted dimension. How have others attempted to explain previously documented asymmetries in the visual and tactile domains? We briefly consider two theoretical explanations in the literature that might apply to the haptic asymmetries observed in this research.
Perhaps the most well-known approach is by Treisman and her colleagues. For example, Treisman and Souther (1985) offered evidence of perceptual asymmetries as an additional empirical tool for evaluating whether particularly controversial features may be accepted as visual primitives. Treisman's various explanations of perceptual asymmetry all assume that visual features (primitives) are explicitly coded as being present or absent by populations of neural feature detectors. In both single and multiple neural-detector population models of perceptual asymmetries (Triesman & Gormican, 1988) , they argued that target detectability is highest when the target value is one that selectively activates Figure 19 . The proportion of items in each of three properties is plotted for the y0-intercept quintiles, calculated for the set of 25 coarse properties; only Experiments 1-13, which involved coarse discrimination tasks, are included in the set. The corresponding intercept range for each quindle is also indicated in parentheses. Intercept values were obtained by averaging over the target-present and target-absent conditions. A: The proportion of material properties in each quintile. B and C: The corresponding data for discontinuities and relative-orientation properties, respectively. a population of neural feature detectors. The consequence is a higher signal-to-noise ratio of neural activity than is produced by other values that do not as strongly activate these same detectors. In the cases in which both values on a dimension produce pop-out (i.e., low slopes), Treisman and Souther (1985) proposed that different functional detector populations are selectively activated by each value. In this case, detection of the absence of a feature becomes detection of the presence of some other ("substitutive") feature, which is separately represented. (Presumably, an additional selection mechanism is necessary to focus on the output of one or the other detector populations as required by the task.)
On the haptic side, Whang, Burton, and Shulman (1991) have documented asymmetries in attentional demands when participants were required to detect the presence or absence of an abrupt change in vibration. They found that a cue indicating the to-be-stimulated finger did not affect detection of a vibratory amplitude change among constant vibrations, regardless of whether the cue was valid or invalid. However, cueing the stimulated finger did affect detection (positively if valid and negatively if invalid) when the target was a vibration of constant amplitude among distractors that exhibited vibratory change. Whang et al. offered a statistical model that also invokes a signal:noise ratio interpretation to explain their results. Performance was statistically quanti- Table 6 Properties by Slope Quintiles fled in terms of the means and variances of pooled activities of feature detectors selectively sensitive to change in vibrotactile intensity. In brief, they proposed that the activities of such feature detectors from each finger are fed into a change detector, which pools activity across all finger locations. Thus, the presence of a change at any of these loci is detectable by the change detector without attention being directed to the specific finger location. By contrast, when detecting the absence of such change, the pooled activity across multiple loci adds additional sources of variance that raise decision noise in the change detector. Directing attention by adjusting the weights on the inputs from different loci should therefore help. At this stage, we think a signal:noise ratio approach also seems feasible in explaining the intensively coded haptic asymmetries we have observed. However, we believe it is premature to postulate underlying neural mechanisms when so little is known about the somatosensory system.
In our research, we found no evidence for perceptual asymmetries in haptic searches for properties that required spatial processing. This is not particularly surprising. After all, there is no obvious reason to expect that the target and distractor values used (i.e., right vs. left, horizontal vs. vertical) would be coded within some spatial reference system at different rates.
We did find evidence of perceptual asymmetries for some of the intensively encoded dimensions (i.e., rough vs. smooth, cool vs. warm, hole vs. no hole, and deep vs. shallow, 3-D slant vs. flat). For property pairs showing asymmetries, a signal:noise ratio argument seems viable.
According to this argument, property values vary along a unitary, intensive dimension. The value that produces the lower slope (e.g., rough, cool, etc.) serves to define the "high-intensity" end of the dimension; it will thus mask values at the low-intensity end when used as a distractor.
More puzzling, however, are the intensive cases that failed to show an asymmetry (i.e., hard vs. smooth, edge vs. no edge). Perhaps, in keeping with Treisman's (Triesman & Gormican, 1988) proposals, such asymmetries reflect the existence of two intensively varying dimensions that are instantiated by the present stimuli, with each member of the pair being the more intensive on one of the dimensions.
Regardless of the eventual explanation of symmetric pop-out, however, we interpret evidence of an asymmetry as indicating that the ends of the given continuum are not equally perceptually accessible. Thus, a rough patch is processed earlier than a smooth one, cool before warm, a hole before the absence of a hole, a deep before shallow hole, and 3-D slanted before flat surfaces. Moreover, the perceptual asymmetries initially observed in Experiments 1 (rough and smooth) and 7 (shallow and deep), respectively, were retained when more difficult discriminations were required (Experiments 14 and 15), confirming that finer variations across the entire perceptual dimensions are likewise differentially accessible. By contrast, we note that no perceptual asymmetry was obtained with any of the spatial relations properties. Because the slope pairs were both relatively high, it might be more appropriate to describe the related spatial relations properties as being equally "inaccessible." Table 7 Properties by Intercept Quintiles In this section, we speculate on the nature of the actual processes represented by the slopes. We presume that inputs are processed as much as possible in parallel across the fingers, with such processing time contributing to the y0-intercept. If the slope is zero, all processing across the fingers can be handled during this stage and no further computation is required. If a nonzero slope is present, it must represent additional processing on a given finger. Such processing may relate to further data extraction, to computation of the required property, or both.
We consider it unlikely that a nonzero slope represents pure computation time, as opposed to the time to gather new data for individual fingers. To assume pure computation during the slope period requires that data gathered in parallel during early processing be stored in a buffer. The slope would then incorporate the time to interrogate the buffer and to perform a computation at the level of a finger (or multiple fingers if one assumes a cascade or parallel process). However, because a buffer at the sensory level would be likely to decay, the result must be a positively increasing RT function as display size increases. Such a hypothesis is clearly not supported because our search slopes were all linear or negatively increased with display size. Accordingly, a nonzero slope presumably represents time for data gathering as well as for computation of a property value. With regard to at least some of the properties we have tested, the data of practiced participants can be encoded without hand movement (e.g., horizontal vs. vertical bar); in other cases, movement is clearly observed (e.g., relative position judgments). Although such movement sometimes occurs across several fingers at once, it is likely to represent motoric constraints rather than parallel data gathering across the fingers. Thus, we further propose that when movement is observed, the participant is attending to the results of exploration one finger at a time.
What Can the y0-Intercepts Indicate About Relative Property Availability During Initial Contact?
As indicated in the introduction, using slope magnitude as a criterion for deciding the order of property availability does not simply reduce to using the corresponding Y0-intercepts. This was confirmed by the fact that the correlation between the two parameters was only .48. We have suggested that the correlation is lower when there are parallel property-dependent processes that contribute to the y0-intercept, not to the slope. Of these, we have discussed effects attributable to whole-hand positioning (e.g., 3-D slanted vs. fiat discriminations) and to one-time differences in duration for encoding or developing a representation of contacted properties across the fingers (e.g., cool in warm).
Despite the evidence for property-dependent processes that differentially affect slope and intercept, the y0-intercepts do in fact globally confirm the intensive versus spatial distinctions so clearly indicated by the corresponding slope data. The majority of "intensive" tasks produced relatively low intercepts compared with the majority of "spatial" (i.e., relative-orientation) tasks. We have used property-dependent processes to interpret clear discrepancies with the relative ordering suggested by the slope data, cool in warm and both 3-D slanted versus flat discriminations, which all yielded relatively high intercepts. When we consider the relatively low slope values coupled with high intercepts, it seems reasonable to suggest that the thermal and 3-D slant properties are not as perceptually accessible during an initial contact as are the remaining properties from the material and abrupt-surface discontinuities and from the curved-flat properties. We are unwilling to generalize about continuous 3-D surface contours as a category at this point given the small number of properties tested.
Other Properties of Interest
We make no claims about the completeness of the set of stimulus properties examined in our experiments. To name only a few of the many possible candidates, additional fingertip-size static properties might include several versions of local size: length (one-dimensional), area (2-D), and volume (3-D). Direction of curvature (e.g., concave vs. convex, orientation of concave edge) offers another set. Our best guess is that to the extent that an easy, size discrimination task can be solved intensively, these properties may produce relatively shallow slopes. To the extent that direction of curvature must be solved spatially, we would not expect rapid search. It also would be interesting to determine whether discriminations involving material (e.g., metal vs. nonmetal, metal vs. wood) might be derived using texture, compliance, and thermal flow, singly or in some combination. Presumably, the relative search slope values could be predicted from the particular strategy adopted.
Dynamic properties also should be considered. For example, one likely candidate for parallel search (and thus for early property accessibility) is the presence (as opposed to absence) of vibration. Moreover, in accordance with results obtained by Whang et al. (1991) , vibratory change in a background of constancy, but not constancy amid changes, is likely to be another feature that is accessible early.
Other tactile input displays that produce lateral motion of elements along the skin should be examined as well, given the potential contributions of such shearing motions to haptic object processing and motor control. Possible candidates include slip and motion (presence or absence, rate, and direction). We now address the relative availability of additional properties mentioned in this section.
The Absolute Time Course of Early Haptic Property
Extraction From Initial Contact
One might be tempted to use the y0-intercept to estimate the absolute time course of haptic property extraction. However, the y0-intercepts from the haptic search task are inadequate for several reasons. First, the relative intercept value is an inadequate estimate of processing time because the y0-intercept presumably includes only the time to process information in parallel across the fingers and hence underestimates processing time for properties that include a substan-tial serial, finger-by-finger component. Even if one increments the y0-intercept by the slope value to estimate the time for single-finger processing, the resulting estimate of absolute time course is ambiguous because of the presence of one-time, parallel processes that are property independent (see the earlier discussion). Another complication is that some of the property-dependent processing included in the intercept may be motoric rather than perceptual. We have suggested, for example, that adjustment of the whole hand may be done more carefuUy for difficult discriminations, even though the stimulus contrast is maximal given intrinsic constraints of the dimension being judged (e.g., vertical vs. horizontal values for planar orientation). Although hand adjustment is a reasonable addition to the estimate of dimensional processing time with the current motorically constrained display, it might not be in other contexts, where contact is made more freely.
It is the ambiguity of the intercepts, combined with the compelling need to understand the time course of early haptic processing, that now leads us to adopt a different approach in future research, one that will be directed at determining the absolute temporal intervals of early stages of haptic property extraction. We plan to use psychophysical paradigms involving stimulation of a single finger to determine the absolute time required to perform two-alternative forced-choice discrimination tasks involving different perceptual continua.
Functions of Early Property Accessibility
Why should we want to know about early property accessibility? In this section we briefly explore issues pertaining to theoretical modeling and to perceptual and sensorimotor applications.
Identifying Objects
From the haptic search task, we know that initial brief contact with an object provides at least coarse information about its properties. Consider object identification based on early temporally and motorically restricted contact. A brief interval, say only 200 ms, would allow intensive encoding across several fingers of a number of perceptual features that emerge early on (e.g., with slopes less than about 65 ms/finger). Thus, it would allow encoding of roughnesssmoothness, softness-hardness, coolness, abrupt edges-no edges, and some local shape (curved-flat and perhaps planar orientation). As mentioned earlier, our ongoing work on haptic object identification from an exposure of about 200 ms confirms the utility of this information .
Guiding Subsequent Haptic Exploration
The current studies establish the basis for extracting perceptual properties early and with minimal contact. However, this information is likely to be at a fairly coarse level. We observed that in most of the material and surface discontinuity tasks (hole, raised edge), participants executed little movement. When they did initially explore manually, participants tended to decrease the scope of their movements as the tasks became more familiar. This was true for the relative-orientation tasks as well, although some form of contour following was still common. Greater-than-chance levels of object identification have been obtained with such limited fingertip contact .
However, to achieve virtually 100% accuracy on any arbitrary set of objects, participants typically explore an object over seconds, not milliseconds, and their contact with an object is far more extensive than that of a brief haptic exposure. As mentioned earlier, we have commonly observed that participants use systematic and highly stereotypical forms of hand movements or EPs to extract specific object properties. As explained, these hand movements have been the focus of an extensive research program on purposive exploration during haptic object perception and recognition (e.g., ).
In the current experiments, the truncated movement patterns observed generally tended to be predictable from our work on EP-property associations, which reflect the optimal hand movement pattern for extracting a targeted property. For example, rough-smooth discriminations were performed with a sideways, back-and-forth rubbing motion (a lateral motion EP), hard-soft discriminations with a force normal to the surface (a pressure EP), and relativeorientation discriminations with edge following (a contour following EP). What happens when these reduced forms of exploration prove to be insufficient for object identification? We propose that the coarse property information extracted during the participant's initial brief contact can be used to guide hypotheses about the object's identity, which, in turn, guide subsequent EP selection for obtaining more precise information about desired properties.
Repositioning the Hand for Subsequent Functional Actions on Objects
We further propose that object properties extracted through early, brief contact may be spatially mapped onto existing representations of common objects in the workspace. Such information would allow accurate repositioning of the palm and fingers to achieve the appropriate spatial hand-object configuration for performing various functional tasks with objects in the absence of useful visual cues (e.g., drinking from a mug).
Designing Haptic Interfaces for Teleoperation and Virtual Environments
The current work on relative accessibility to haptic properties during brief contact can be used as a principled basis for selecting and displaying to the hand of a human operator the most effective--in terms of early availability--types of haptic feedback from a remote environment. Such environments can be physical, as is true of teleoperational tasks (e.g., telerobotic control of the actions of a remote robot equipped with tactile sensors on its end effectors; force feedback from sensors mounted on endoscopic tools delivered to the hand of a surgeon performing minimally invasive telesurgery). The environments can also be simulated, to permit people to feel, explore, and manipulate virtual objects . Note, however, that current telerobotic environments would have difficulty in implementing some of the properties that are available early, according to our data, such as surface roughness.
SUMMARY
We have determined the relative availability of properties for haptic processing during a brief initial contact. We have defined highly accessible properties as being those that produced flat or shallow search functions when participants haptically searched a display for a target that varied markedly from distractor items regardless of the display size. Properties involving coarse discriminations on intensively coded dimensions (e.g., material, abrupt-surface discontinuities) generally tended to produce relatively low slopes. In marked contrast, discriminations on perceptual dimensions that required spatial encoding (relative orientation) all produced relatively steep slopes. The y0-intercepts tended to order properties similarly by category; the anomalies observed were attributed to processes that affect only the intercept. Our results show that intensively coded properties are available for further processing relatively earlier than those that must be encoded spatially.
